Abstract Puccinia triticina reproduces asexually in France and thus individual genotype is the unit of selection. A strong link has been observed between genotype identities (as assessed by microsatellite markers) and pathotypes (pools of individuals with the same combination of qualitative virulence factors). Here, we tested whether differences in quantitative traits of aggressiveness could be detected within those clonal lineages by comparing isolates of identical pathotype and microsatellite profile. Pairs of isolates belonging to different pathotypes were compared for their latent period, lesion size and spore production capacity on adult plants under greenhouse conditions, with a high number of replicates. Isolates of the same pathotype showed remarkably similar values for the measured traits, except in three situations: differences were obtained within two pathotypes for latent period and within one pathotype for sporulation capacity.
same combination of avirulence genes (Roumen et al. 1997; Pilet et al. 2005; Goyeau et al. 2006 ). For such clonal species, the pathotype is sometimes considered as a basic genetic unit in population studies, given the large selection pressure exerted by the qualitative resistance genes, and the diversity for pathogenicityrelated traits at a lower scale is often ignored or neglected. Pathotypes were sometimes compared for quantitative traits on the basis of a single isolate per pathotype (Katsuya and Green 1967) . Quantitative variation in pathogenicity among individuals can be the consequence of a change from avirulence to virulence (Vera Cruz et al. 2000) , or related to the number of qualitative virulence factors (Thrall and Burdon 2003) but it is likely that aggressiveness variations also occur independently of qualitative virulence (Villaréal and Lannou 2000; Pilet et al. 2005; Lannou 2012) . From the available literature, this is however not easy to establish for pathogens with clonal population structures.
The significance of measured aggressiveness differences among isolates of the same clonal lineage or pathotype is often difficult to evaluate. Several authors who have detected such differences also found that they were not always consistent from one trial to another. In order to take into account the experiment effect on P. infestans aggressiveness, Miller et al. (1998) included a reference isolate in a series of tests and they found that the aggressiveness level of the tested isolates relative to the reference isolate was not consistent across experiments. In a study of genetic variation in latent period of P. triticina, Lehman and Shaner (1996) compared seven isolates on five varieties in two different experiments. They found no difference between mean latent periods for isolates across experiments, varieties and replications but the interaction experiment x isolate was significant because certain isolates reversed rank between the two experiments. Similarly, in a study on Cochliobolus heterostrophus adaptation to corn hosts with partial resistance, Kolmer and Leonard (1986) found a significant isolate-by-trial interaction. In a previous study on P. triticina (Pariaud et al. 2009a) , in which significant differences in several aggressiveness traits were found among pathotypes, an "isolate" effect was detected within the pathotypes as a global effect but the number of replicates did not allow production of reliable differences between two specific isolates and the relevance of this isolate effect remained questionable.
Differences in aggressiveness among isolates that are genetically close are likely to be small and therefore difficult to measure. In particular, genotype-byenvironment interactions may strongly influence the expression of quantitative traits. In an obligate fungal pathogen (Podosphaera plantaginis) of Plantago lanceola, genotype-by-temperature interactions were measured for spore infectivity and spore production (Laine 2008) . Quantitative measurements of aggressiveness may be influenced by the environment sensu lato (Lannou 2012) , including climatic parameters (Eyal and Peterson 1967; Tomerlin et al. 1983) , host physiological state (Milus and Line 1980; Tomerlin et al. 1983 ) and pathogen maintenance (Jeffrey et al. 1962; Mundt et al. 2002) .
P. triticina reproduces asexually in France and its populations can be described as a set of pathotypes, each pathotype corresponding to a single multilocus genotype as assessed with microsatellite markers (Goyeau et al. 2007 ). The existence of variability for quantitative traits of pathogenicity within a P. triticina pathotype would mean that individuals which are genetically very close can yet differ in their aggressiveness level, and that a pathotype can increase in aggressiveness on a host through selection of the most aggressive individuals without any change in its qualitative virulence factors (i.e. without occurrence of a new pathotype).
Our objective here was to establish whether or not differences in aggressiveness between two isolates of P. triticina of same pathotype and same clonal lineage can be detected. For this, we measured several aggressiveness components with a high number of replicates on a restricted set of isolates and we confirmed the relatedness level of the isolates with 20 microsatellite markers. Since the probability of finding by chance isolates with different phenotypes within pathotypes presenting such a strong clonal structure was small, and since there is a trade-off between the number of individuals tested and the number of replicates in such experiments, the isolates were chosen based on the information provided by Pariaud et al. (2009a) . Our approach was not that of a population study: the objective was not to establish differences among a large number of isolates but rather to show that at least a significant difference can be found among two isolates of same pathotype and clonal lineage in P. triticina. In this paper, the term "aggressiveness" simply refers to the quantitative variation of pathogenicity on susceptible hosts (Pariaud et al. 2009b ).
Materials and methods
Greenhouse experiments were conducted to compare the aggressiveness levels of three pairs of P. triticina isolates, each pair belonging to a different pathotype (073100, 014103 and 166336, referred to as P1, P2 and P3, respectively, in the paper). The choice of the isolates was based on a previous population study (Pariaud et al. 2009a) . Working with a small number of isolates allowed doing a high number of replicates and thus maximizing the precision of the measurements at the individual level. These experiments did not allow comparison of the pathotypes (since the isolates were not chosen to be representative of each pathotype's sub-population) but were rather designed to identify differences among isolates. The isolates, within each pair, were compared in experiment 1 for their infection efficiency, latent period, lesion size and spore production capacity. For technical reasons, we were not able to replicate all these measurements and, in experiment 2a, we chose to focus on one of the significant differences that were detected. Additionnal data of a preliminary experiment are also presented as experiment 2b.
Multilocus genotypes of the P. triticina isolates DNA extraction was performed following the procedure described in Goyeau et al. (2007) . The isolates were profiled with 20 SSR primer pairs developed for genetic analysis of P. triticina : RB8, RB11, RB12, RB17, RB25, RB26, RB29 (Duan et al. 2003), PtSSR13, PtSSR50, PtSSR55, PtSSR61, PtSSR68, PtSSR91, PtSSR92, PtSSR152, PtSSR154, PtSSR158, PtSSR164, PtSSR173, PtSSR186 (Szabo and Kolmer 2007) . Two experiments were performed to check for the consistency of allele scoring. In the first experiment, for each of the 20 loci, one member of the primer pair had a 5′-end M13 extension. In the second experiment, the seven least polymorphic loci (RB12, RB25, RB26, PtSSR13, PtSSR55, PtSSR91, PtSSR152) were again tested with M13-labelled primers, while fluorescent dye-labeled primers were designed for the remaining 13 loci. These 13 loci were amplified in a single multiplex PCR, whereas the loci tested with M13-labelled primers were pooled by two to three. Since two techniques have been used for loci amplification, we harmonized allele size among loci by deducing 19 bp (the length of the M13 tail) for loci which primers were not directly dye-labelled. PCR amplifications were performed using a PTC-100 thermocycler (MJ Research) under the following conditions: 15 min at 95°C; 45 cycles of 30 s at 94°C, 90 s at 57°C, 60 s at 72°C; and a final extension of 10 min at 72°C. Each reaction (10 μl) contained 3 μl of DNA solution (approximately 5 ng/μl), 5 μl of Qiagen Multiplex PCR Master Mix plus, 1 μl of Q-solution (Qiagen Multiplex PCR Kit, ref 206143), and 1 μl of 10X primer mix: when using an M13-labelled extension, the primer mix contained 1.6 μM of forward primer complemented with M13 tail, 2 μM of the reverse primer, 1.2 μM fluorescent M13 primer labelled with one of the fluorescent dyes NED or FAM (Applied Biosystems); otherwise it contained 0.2 mM of each primer pairs, with one primer of the pair labeled with a fluorescent dye NED, HEX or FAM. Dyes were assigned to loci in such a way that loci with the same dye had non-overlapping ranges of allele sizes. Two micro litres of diluted amplified products (1/40) were mixed with 8 μl of MegaBACE ET 400-R size standard (diluted 1/40). PCR products were separated on a MegaBACE 1000 DNA sequencing apparatus (Amersham).
Plant material
Plants of the wheat cultivar Soissons (carrying the resistance gene Lr14a) were sown separately in Jiffy pots on 18 November and 13 January, and vernalized in a growth chamber for 7.9 and 7 weeks at 8°C for experiments 1 and 2a, respectively. After vernalization, seedlings were individually transplanted into pots made from sanitary PCV tubes (height: 25 cm; diameter: 6.5 cm). The pots were filled with a commercial substrate (Klasmann Substrat 4, Klasman France SARL) mixed with 3 g/l of slow-release fertilizer (Osmocote 10-11-18 N-P-K). During plant growth, natural light was supplemented with 400-W sodium vapour lamps between 06:00 and 21:00 h, and temperature was maintained between 12 and 18°C until inoculation. During this period, plants were treated for powdery mildew (Ethyrimol 2 ml/l, Syngenta) or insects (Methomyl, Lannate 24 ml/l, Dupont solution) as needed. Ethyrimol controls specifically powdery mildew and is commonly used in experiments on rusts. In addition to the slow-release fertilizer, nutritive solution was added once or twice a week from the third week after transplanting. Tillers were progressively eliminated to keep only the main stem, one replication consisting in a single flag leaf. Homogeneous plant material was obtained from a strong selection process, which led to discard about 50 % of the plants. Despite this, slight differences in growth stages occurred but a preliminary Anova analysis showed that they did not affect the aggressiveness components measured.
Fungal material
The fungal material is described in Table 1 . The choice of the isolates was made such as to maximize the expected difference within each pair for the spore production capacity (μg of spores produced per mm 2 of sporulating surface), based on previous results (Pariaud et al. 2009a ). For each pathotype, the isolates chosen had been collected in different years (for P1 and P2) and from locations at least 600 km apart. All isolates resulted from monospore isolations. Prior to adult plant inoculation, spores of each isolate were increased on seedlings in order to produce fresh spores.
Adult plant inoculation
Inoculations were performed on flag leaves by applying mixtures of leaf rust uredospores and Lycopodium spores to a leaf section with a soft brush. A leaf section of 9 cm was inoculated using a stencil to protect the remaining leaf surface. Immediately after inoculation, plants were placed in a dew chamber (15°C) for 24 h, then put back in the greenhouse until the end of the experiment. In experiment 1, 23 plants were inoculated with each isolate on 03 March (18.6 weeks after sowing). Three spore concentrations were used in order to obtain a range of lesion densities: 1/20, 1/60 and 1/160. We were not able to entirely repeat the experiment because of space limitations (adult plant experiments are highly space-consuming). We therefore focused on one of the significant differences that was detected in experiment 1 (namely the difference between the P3 isolates) and attempted to confirm this difference in an independent experiment (experiment 2a). In experiment 2a, 15 plants were inoculated with each P3 isolate on 23 May, with a single leaf rust spore concentration of 1/10. A preliminary experiment designed to set up the experimental procedure for the latent period measurement was performed with the same protocol as in experiment 2a but with three isolates of pathotype P1. For the result presentation, this experiment will be referred to as experiment 2b. Inoculation took place on 30 September. At that time, the information for choosing the isolates was not fully available and we simply used three isolates of pathotype P1 : isolate 1-257, which was already identified as a good candidate, and two other P1 isolates. Therefore, only 1-257 is common to experiment 2b and experiment 1. a Six-digit code based on a 18-Lr genes differential set (see Goyeau et al. (2006) for details)
b Virulence factors at seedling stage (see Goyeau et al. (2006) for details) c genotype according to 20 microsatellite markers (see Goyeau et al. (2007) for profile numbers)
Measurement of aggressiveness components
The greenhouse temperature was maintained between 18 and 22°C. Four aggressiveness components were measured: infection efficiency, latent period, lesion size, and sporulation capacity (μg of spores produced per mm 2 of sporulating surface). Infection efficiency was estimated from the lesion density on the inoculated surface, with 23 replicates per isolate. The latent period was measured as the time between infection and production of secondary inoculum and was expressed in degree-days (Lovell et al. 2004 ). Lesions were counted once or twice a day until their number stabilized on a leaf section of 1 cm 2 . The time by which half of the lesions were sporulating (T50) was estimated with a linear interpolation around the 50 % count (Knott and Mundt 1991) . Latent period was estimated with 18 replicates in experiment 1 and 15 in experiments 2a and 2b. For the sporulation and lesion size measurements (experiment 1) we selected the leaves with the most homogeneous lesion distribution and, taking into account space constraints, the number of replicates was reduced to 15 per isolate. These variables were measured as follows: just before the sporulation onset, the selected leaves were placed into bent transparent plastic sheets forming open tubes (~10-cm diameter) and maintained horizontal with a wooden frame. At each collection date, leaves were brushed and the spores allowed to fall into the tubes. Then the spores were collected, transferred into hermetically-closed Eppendorf tubes and weighed. Digital pictures of the leaves were taken with a scanner (Hewlett Packard 4670; 400 ppi) before putting them back in the tubes. These pictures were used to determine the number of lesions and the sporulating surface area by image analysis (Optimas 5, Media Cybernetics). Spores were collected at 15 and 23 days after inoculation (dai). Lesion size (in mm 2 ) was estimated by the average sporulating area between those dates, divided by the number of lesions. The sporulation capacity (in μg of spores per mm 2 of sporulating surface) was estimated by dividing the amount of spores produced between 15 and 23 dai by the area of the sporulating surface.
Statistical analyses
All analysis were done with Splus (Lucent Technologies, Inc.). Lesion density was first analyzed as a response variable to estimate potential differences in infection efficiency and then was introduced as a quantitative co-variable in the analysis of latent period, spore production and lesion size, which are potentially density-dependent variables (Mehta and Zadoks 1970; Shaner 1983; Robert et al. 2004 ). In the lesion size analysis, log-transformation of lesion density was needed to linearize the data. For the latent period analysis, the density used as a covariable was that on the restricted leaf section used for latent period measurements. The effect of the greenhouse compartment was tested and found to be not significant. As well, second degree interactions were never found to be significant and were withdrawn from the models. Since the isolates had to be compared within each pair, a pathotype effect was included in the Anova models and the isolate effect was tested within the pathotypes. Specific comparisons between two isolates were subsequently done with Student's tests.
For each aggressiveness component (Y), the Anova models thus included the pathotype (P), the isolate (I), nested within pathotype, and the lesion density (D):
An anova analysis was done on the latent period of the P3 isolates, combining data from experiments 1 and 2a. The isolate (I), density (D) and experiment (E) effects were included in the model:
The latency of the three P1 isolates used in experiment 2b was compared the same way but without an experiment effect. Since the comparison was done on specific isolates, both isolate and pathotype were fixed effects. In all tests, the significance threshold was set at 5 %. The range of lesion density was not always the same for all isolates because of differences in infection efficiency. The anova models took into account this density-dependence effect and allowed to estimate average values of the other aggressiveness components at a fixed lesion density (predicted means) (Lannou and Soubeyrand 2012) . The figures presented in the paper show the predicted means for a fixed lesion density (the average lesion density of the experiment).
Results
The three pathotypes presented distinct genetic profiles but, within each pathotype, both isolates were of identical multilocus profile for the 20 microsatellite loci. The analysis confirmed, with a greater number of markers, the genetic profile of these pathotypes as established in a population study of P. triticina (Goyeau et al. 2007) .
The mean values for each aggressiveness component are presented in Table 2 , along with the anova outputs. In experiment 1, the anova analysis revealed differences among isolates within pathotypes, for latent period and spore production capacity, but not for lesion size. The isolate comparison showed three significant differences: within pathotypes P1 for the latent period and for the spore production capacity, and within pathotype P3 for the latent period (Fig. 1) . For all other aggressiveness components x isolate pair combinations, nearly identical values were obtained for both isolates. No difference between isolates of the same pathotype was found to be significant for infection efficiency (not shown).
Experiment 2a confirmed the significant difference in latency between isolates 1-303 and 1-228 of pathotype P3. The experiment and the lesion density had no significant effect on the latent period (Table 3) . The measured latent periods were on average 159.7 degree-days for isolate 1-303 and 149.8 degree-days for isolate 1-228. Very consistent values of latent period were obtained in experiments 1 and 2a. The difference (10 degree-days) is equivalent to 16 h at 15°C. In experiment 2b, the anova analysis detected an isolate effect within pathotype P1: the latent period of isolate 1-257 (152.2 degree-days) was found approximately 14 degree-days greater than that of both 0-048 (138.4 degree-days) and 2-127 (137.7 degreedays), which were found not different (Fig. 2) .
Discussion
In most papers dealing with quantitative traits of aggressiveness, the focus is on the comparison of different groups or sub-populations (different pathotypes, groups that are resistant or susceptible to a fungicide, etc.) and not on individual isolates. In such a context, is is logical to consider a number of individuals large enough to be representative of a group and a reasonably small number of replicates for each individual. a Latent period is in degree-days, spore production capacity is in μg of spores/mm 2 of sporulating tissue and lesion size is in mm 2 . Latent period was measured twice for P3 isolates, in experiments 1 and 2a. Bold numbers indicate significant differences between two isolates of identical pathotype b P: pathotype effect; I/P: isolate effect, nested in pathotype; d: lesion density effect; F: F-value; p: p-value (α00.05) c See Table 3 for comparison of P3 isolates in experiments 1 and 2a This is an optimal design to provide information at the group level, but does not allow to clearly establish whether specific isolates are different. The level of variability in quantitative trait measurements is generally high and comparisons based on a small number of replicates may lead to type 1 errors. Another difficulty is that environmental effects interact with quantitative traits, which may cause inconsistencies between trials. In the case of pathogens such as P. triticina that present a highly clonal structure, it is nevertheless of importance to establish whether or not aggressiveness traits are able to evolve within a pathotype. For instance, in a modelling approach of the evolution of pathogen populations, one may have to decide whether pathotypes are a basic genetic unit or include a certain level of diversity for quantitative traits (Papaïx Fig. 1 Latent period (T50, in degree-days), spore production capacity (μg spores/ mm 2 of sporulating tissue) and lesion size (mm 2 ) of pairs of P. triticina isolates of pathotypes P1, P2 and P3, measured in experiment 1. The boxplots indicate the 25 % and 75 % quantils, the median (circle) and the mean (cross) for each isolate. Outliers, above or below 1.5 IQR (interquartile range) are indicated by dots. The dotted horizontal line represents the average value for the pathotype. The letters indicate significant differences between isolates (α05 %) . 2011) . The fact that these populations have a clonal structure is a priori in support of a genetic uniformity of the pathotypes but the data presented here, although based on a limited number of comparisons, strongly suggest that variability for aggressiveness within pathotypes should be considered. Each pair of isolates that were compared in this study shared both the same virulence factors (since they belong to the same pathotype) and the same genetic profile based on 20 microsatellites. Nevertheless, significant differences for quantitative traits were detected among these isolates. A significant difference in the latent period was detected for isolates 1-228 and 1-303 of pathotype P3 in experiment 1 and was confirmed in experiment 2a. The difference in latency between isolates 1-303 and 1-228 was of approximately 16 h (at 15°C). Since rust spores are mainly dispersed towards the middle of the day (Pady et al. 1965) , this can result in differences of 1 day in the timing of parasite transmission in the field.
In experiment 1, isolates of pathotype P1 were found to be different for both the latent period and the spore production capacity. Note that the isolate with a longer latency was more efficient for spore production, which is consistent with the idea of a trade-off between latency and spore production capacity (Heraudet et al. 2008; Andrivon et al. 2009; Pariaud et al. 2012) . The measured differences between the P1 isolates could not be tested again, mainly because these experiments are highly time and resource consuming, but the additional data provided by experiment 2b also suggest differences in latency between isolate 1-257 and other isolates of pathotype P1.
By using an unusally large number (15 to 18) of replicates for each isolate, we obtained a good level of precision in the isolate comparisons: (i) the latency values for the P3 pathotypes were remarkably close in experiments 1 and 2a; (ii) except in the three cases where a clear difference was found, the measured values were practically identical for the isolates of same clonal lineage (Fig. 1); (iii) the level of variation was rather small in these experiments: for comparison, the coefficient of variation for the isolate (defined as the standard deviation divided by the mean) was between 0.03 and 0.05 for the latent period measurements presented here whereas it varied between 0.05 and 0.10 in another experiment with a large number of isolates but only six replicates per isolate (Pariaud et al. 2009a) . Note that using thermal time for the latent period measurements probably made easier the comparison of experiments 1 and 2a by reducing the environmental variability (Lovell et al. 2004) .
At the pathotype level, P3 produces smaller lesions and has a longer latency than P1 and P2, and P2 has a lower spore production capacity that P1 and P3 (Pariaud et al. 2009a ). In the present study, the pathotype effect in the Anova analysis indicated that P3 had a greater sporulation capacity and produced smaller lesions than P1 and P2. This is consistent with the population study except that, at the population scale, P3 had the same spore production capacity than P1. With the same analysis, pathotype P2 had a shorter latent period than P1 and P3, whereas at the population scale, P1 and P2 had the same latent period, shorter than that of P3. There is no major contradiction here since in the present study the isolates were a priori not representative of the mean aggressiveness level of their respective pathotypes. This underlines the need to consider a large enough number of isolates to compare pathotypes or lineages in quantitative measurements, even for pathogens with a strong clonal structure.
This work shows that significant differences in quantitative traits may be found among P. triticina isolates belonging to the same pathotype and sharing the same microsatellite profile. The measured differences were not linked to virulence factors, as often suggested, since they occurred among isolates of identical pathotypes. Fig. 2 Latent period (T50, in degree-days) of two P. triticina isolates of pathotype P3 (experiment 2a) and three isolates of pathotypes P1 (experiment 2b). The boxplots indicate the 25 % and 75 % quantils, the median (circle) and the mean (cross) for each isolate. Outliers, above or below 1.5 IQR (interquartile range) are indicated by dots. The dotted horizontal line represents the average value for the pathotype. The letters indicate significant differences between isolates (α05 %) Differences in aggressiveness among genetically close individuals have been obtained in other species with a relatively good level of confidence. In a very detailed study, Carlisle et al. (2002) found differences in lesion expansion rate, latent period, spore production rate and infection efficiency among 17 P. infestans isolates, with nine replicates per isolate. These isolates shared an identical multilocus genotype (allozyme profiles), the same mating type, the same capacity to overcome the R1 specific resistance gene and the same sensitivity to a fungicide. Mundt et al. (2002) , in a nested factor analysis, detected significant differences in aggressiveness between isolates of Xanthomonas oryzae pv. oryzae of the same clonal lineage, and even between isolates of the same RFLP haplotype within a clonal lineage, suggesting that mutations leading to increased aggressiveness had rapidly accumulated within the phylogenetic lineages.
In leaf rust, the existence of variability for quantitative traits of pathogenicity among individuals belonging to the same pathotype and clonal lineage indicates that a selection for higher levels of aggressiveness may occur independently of qualitative virulence factors and under strict clonal replication. The genetic support of quantitative traits of aggressiveness in plant pathogens is not known but QTL analyses of host resistance (e.g., Ballini et al. 2008 ) and pathogen aggressiveness (Cumagun et al. 2004; Lind et al. 2007) corroborate the idea that quantitative traits of pathogenicity are under the shared control of the pathogen, the host and their interaction (see Lannou 2012 for a review). The genetic determinism of the quantitative traits is complex and still barely understood from the plant side and even less information is available from the pathogen side. Isolate-specific QTLs are often found in quantitative resistance studies (e.g. Calenge et al. 2004; Marcel et al. 2008) . Such QTLs in the host could result in a differential expression of quantitative traits among different isolates but our approach does not allow determining whether the differences in aggressiveness resulted from the pathogen itself or from a host-pathogen interaction.
Although the measured differences in aggressiveness were small, they may have significant evolutionary consequences. The difference in latency between isolates 1-303 and 1-228 was of approximately 16 h (at 15°C) and, given the diurnal periodicity of rust spore release, this may even result in differences of 1 day in the parasite transmission. In a field epidemic, this allows 1-228 to disperse earlier and occupy the available host surface first. Recently, van den have shown that a high level of autoinfection at the leaf level may facilitate the selection of mutants with a shorter latency. In leaf rust, autoinfection allows a fast saturation of infected leaves with new lesions (Lannou et al. 2008 ) and this may favour mutants with a shorter latent period, even if the difference with the resident population is small. These theoretical results, along with the results of the present study, suggest that quantitative traits such as latent period can be selected for within a leaf rust pathotype, even though these pathotypes present a strong genetic homogeneity when regarded through neutral markers and qualitative virulence.
